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We owe more than can be said to
André Ménez’s and Keith Rose’s
unfailing interest for protein
engineering of conopeptides.
Their untimely deaths put a cruel
end to our long-term
collaborations. Let this paper be
a tribute to their memory.
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The p-conopeptide family is defined by its ability to block voltage-gated sodium channels (VGSCs), a property that can be
used for the development of myorelaxants and analgesics. We characterized the pharmacology of a new p-conopeptide
(u-CnllIC) on a range of preparations and molecular targets to assess its potential as a myorelaxant.

EXPERIMENTAL APPROACH

u-CnlllC was sequenced, synthesized and characterized by its direct block of elicited twitch tension in mouse skeletal muscle
and action potentials in mouse sciatic and pike olfactory nerves. u-CnlllC was also studied on HEK-293 cells expressing various
rodent VGSCs and also on voltage-gated potassium channels and nicotinic acetylcholine receptors (NAChRs) to assess
cross-interactions. Nuclear magnetic resonance (NMR) experiments were carried out for structural data.

KEY RESULTS

Synthetic u-CnlllC decreased twitch tension in mouse hemidiaphragms (ICso = 150 nM), and displayed a higher blocking
effect in mouse extensor digitorum longus muscles (IC = 46 nM), compared with p-SHIA, p-SmllIA and p-PlIIA. u-CnlllC
blocked Nay1.4 (ICso = 1.3 nM) and Nay1.2 channels in a long-lasting manner. Cardiac Nay1.5 and DRG-specific Nay1.8
channels were not blocked at 1 uM. p-CnllIC also blocked the o332 nAChR subtype (ICso = 450 nM) and, to a lesser extent,
on the 07 and a4p2 subtypes. Structure determination of u-CnllIC revealed some similarities to a-conotoxins acting on

nAChRs.
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CONCLUSION AND IMPLICATIONS

A u-conopeptide with novel neuropharmacology

u-CnlllC potently blocked VGSCs in skeletal muscle and nerve, and hence is applicable to myorelaxation. Its atypical
pharmacological profile suggests some common structural features between VGSCs and nAChR channels.

Abbreviations

BMRB, biological magnetic resonance bank; COSY, correlation spectroscopy; EDL, extensor digitorum longus; ESI-MS,
electrospray ionization mass spectrometry; GAP, global action potential; nAChRs, nicotinic acetylcholine receptors;
NOESY, nuclear Overhauser effect spectroscopy; PDB, protein databank; TFA, trifluoroacetic acid; TOCSY, total
correlation spectroscopy; VGSCs, voltage-gated sodium channels

Introduction

Venoms of the marine snails belonging to the Conoidean
superfamily provide a diverse source of bioactive components
that are useful as pharmacological tools and for drug discov-
ery. With 800 described species and hundreds of bioactive
ingredients in each venom, the venom of Conus species
appears as one of the richest sources of naturally occurring
peptides, exhibiting a wide array of biological activities
(Olivera and Teichert, 2007; Halai and Craik, 2009).
Conopeptides (or conotoxins) target numerous and diverse
molecular entities with high affinity and specificity, includ-
ing voltage- and ligand-gated ion channels, and G-protein-
coupled receptors (McIntosh etal., 1999; Favreau and
Stocklin, 2009). Biomedical applications for conopeptides
have attracted attention, such as the clinical use of
o-conotoxin MVIIA (Prialt®, Elan Corporation, Dublin,
Ireland) for the treatment of severe chronic morphine-
resistant pain (Miljanich, 2004). Human clinical trials of
conopeptides have been reviewed by Terlau and Olivera
(2004).

The p-conopeptide family features a conserved cysteine
pattern that causes a constrained tertiary structure, and leads
to interaction with sodium channels as pore blockers (Ott
et al., 1991; Wakamatsu et al., 1992; Hill et al., 1996; Nielsen
etal., 2002). These bioactive peptides were mainly isolated
from fish-hunting cone snail species. Previous studies have
demonstrated that most p-conopeptides preferentially target
the muscle-type voltage-gated sodium channels (VGSCs)
with less selectivity towards neuronal VGSCs (Zhang et al.,
2006). The resulting pharmacological effect consists in a
block of conductance, leading to loss of function of the neu-
romuscular system, and to the rapid paralysis of the prey
during envenomation. This pharmacological activity is
regarded as potentially useful for the development of new
analgesics (Norton, 2010) and, more directly, as myorelax-
ants. A number of reviews have focused on the particular
pharmacology, structures and possible uses of this family of
cone snail peptides (Li and Tomaselli, 2004; Ekberg et al.,
2008).

In the present work, we report the structure and pharma-
cological profile of the novel p-conotoxin CnlIIIC (from Conus
consors). Following chemical synthesis of a peptide identical
to the native product, the synthetic u-conotoxin CnllIC was
tested on a number of preparations and molecular targets to
assess its potential as a myorelaxant. Further structural study
by nuclear magnetic resonance (NMR) also indicated inter-
esting features of this new p-conotoxin.

Methods

Bioassays

All animal care and experimental procedures were performed
in accordance with the European legislation on animal
experimentation. We used adult male Swiss-Webster mice
(20-25 g body weight), wild male and female European pike
(Esox lucius, 0.8-1.2 kg body weight), and adult female
Xenopus laevis. Isolated tissues were obtained as previously
described for mice (Schlumberger etal., 2010), and pike
(Luzzati et al., 2000). Stage V-VI oocytes were isolated from
X. laevis as previously mentioned (Liman et al., 1992). Fifteen
specimens of C. consors were collected in Chesterfield Island
(New Caledonia) and immediately frozen at —80°C.

Conus consors venom extraction

and fractionation

The C. consors venom was obtained from 15 dissected venom
ducts, extracted with 0.08% trifluoroacetic acid (TFA) in water
and stored at —80°C until required. Fractionation of the crude
lyophilized venom was performed using a high-pressure
liquid chromatography system equipped with an ultraviolet
detector. Elution solvents used for reverse-phase chromatog-
raphy were the following: solvent A, H,0/0.1% TFA; and
solvent B, H,O/CH;CN 40/60 0.1% TFA. Semi-preparative
runs on the crude venom were performed with a C18 Vydac
218TP510 column using the gradient 0-8% B/S min, 8-80%
B/70 min, 80-100% B/10 min, followed by 100% B/10 min
(flow rate, 2 mL/min). Further purification steps using an
analytical C18 Vydac 218TP54 column were carried out with
the following gradient 0-10% B/5 min, 10-20% B/10 min,
20-40% B/40 min. The effluent was monitored at 214 nm.

Electrospray ionization mass spectrometry
(ESI-MS) and sequencing

Molecular mass measurements were performed on a
quadrupole time-of-flight I instrument (Micromass/Waters,
Manchester, UK) equipped with an electrospray ion source.
Sample analysis was carried out in positive ionization
mode using a carrier infusion solvent of H,O/CH;CN/
HCOOH (49.9/49.9/0.2). Tandem mass spectrometry was
carried out for structural investigations. In this configuration,
collision-induced dissociation was performed by manually
adjusting the collision energy. Samples were previously
reduced using 100 mM dithiothreitol in an ammonium bicar-
bonate buffer (pH 7.8) at 56°C for 3 h. The reduced peptide
was then desalted using a ZipTip (Millipore, USA), according
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to the manufacturer’s protocol. Data acquisition and data
analysis were performed with the MassLynx software
(Micromass/Waters). Multiply-charged mass spectra were
transformed into singly charged data using the MaxEnt3
option of MassLynx. Manual and semi-automatic data treat-
ment was then operated for sequence characterization.

Chemical synthesis

The peptide was assembled using a ABI 433A peptide synthe-
sizer adapted to Boc chemistry. Classical Boc protected amino
acids were used during the assembly and deprotection. Cleav-
age from the resin was performed with HF. After purification
by reverse-phase HPLC, the linear peptide purity and integ-
rity were controlled by ESI-MS. Refolding was carried out
using Tris 100 mM, guanidinium chloride 0.5 M and reduced/
oxidized glutathione 0.5/0.1 mM. This mixture was stirred
overnight, at room temperature, and was then acidified
using acetic acid, and concentrated using a C18 SepPak
(Micromass/Waters) cartridge following the manufacturer’s
protocols. The folded peptide was purified by reverse-phase
chromatography at a semi-preparative scale. The final
product was found to be homogeneous upon standard HPLC
and MS squality control analyses.

Twitch tension recordings on isolated

skeletal muscle

For isometric twitch tension measurements, mouse hemidi-
aphragms with their respective associated phrenic nerves, or
the mouse extensor digitorum longus (EDL) muscles were
carefully removed, and mounted in silicone-lined organ
baths (4 mL volume) containing Krebs-Ringer solution of the
following composition (in mM): 154 NaCl, 5 KCl, 2 CaCl,, 1
MgCl,, 5 HEPES buffer and 11 glucose (pH 7.4), gassed with
pure O,. For direct muscle stimulation an electrode assembly
was placed along the length of the fibres and 20 uM
d-tubocurarine (Sigma-Aldrich, Saint Quentin Fallavier,
France) added to the medium to block nicotinic acetylcholine
receptors (NAChRs) and thereby neuromuscular transmis-
sion. Muscle twitch tension recordings were evoked by
current pulses of 0.15 ms duration and supramaximal inten-
sity supplied at 0.1 Hz, as previously described (Schlumberger
etal., 2010).

Electrophysiological recordings from isolated
mouse and pike nerves

The sciatic nerves (left and right) were dissected from mice
and kept in oxygenated Krebs-Ringer solution at room tem-
perature for 30 min prior to recordings. Left and right olfac-
tory nerves were collected and rinsed, for at least 30 min
before recordings, with an oxygenated pike Ringer’s solution
containing (in mM) 82.5 NaCl, 2.5 KCI, 1 CaCl,, 1 Na,HPO,
buffer, 5 HEPES buffer and 1 MgCl, (pH 7.3), at room tem-
perature for a 30 min period prior to use. Electrophysiological
recordings of the global nerve action potential (GAP) were
obtained as described (Luzzati et al., 2000).

Electrophysiological recordings from HEK cells
expressing recombinant VGSCs

Whole-cell patch-clamp recordings (Hamill et al., 1981) were
performed at room temperature (20-22°C) on HEK 293 cells
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transiently expressing rat skeletal muscle Nay1.4, rat brain
Nayl.2, mouse cardiac Nayl.5, neuronal mouse Nayl.6 and
Nay1.7 VGSC, as described earlier (Chen et al., 2000). Rat
TTX-resistant Nay1.8 channels were expressed in Neuro-2A
cells and currents were measured in the presence of 1 uM TTX
to block endogenous Nay channels as described by Schirm-
eyer etal. (2010). Channel and receptor nomenclature
follows Alexander et al., (2011).

Electrophysiological recordings from Xenopus
oocytes expressing nAChRs

Two-microelectrode voltage-clamp experiments were carried
out using Xenopus oocytes prepared and injected as described
previously (Hogg et al., 2008). Briefly, cONA encoding for the
human a3, 04, a7 and B2 subunits of nAChRs were cloned
into pCR 3.1 or pRc/CMV expression vectors (Invitrogen,
Carlsbad, CA, USA) and injected into the nucleus of the
Xenopus oocytes (Hogg et al., 2008). Measurements were per-
formed 2-3 days after injection. Currents were recorded using
an automated process, as previously described (Hogg et al.,
2008).

"TH-NMR spectroscopy

NMR experiments were carried out on Bruker AVANCE 600
and 750 MHz spectrometers equipped with 5 mm triple-
resonance z-gradient probes. Samples of u-CnllIC (1.3 mM)
were examined at 278-298 K, pH 4, in 95/5% H,O/D,0O and
in 100% D,O. The following NMR experiments were
acquired: 2-D total correlation spectroscopy (TOCSY) (Bax
and Davis, 1985) with a spin-lock time of 80 ms; 2-D nuclear
Overhauser effect spectroscopy (NOESY) (Jeener et al., 1979;
Kumar et al.,, 1980) with mixing times of 250 ms in 100%
D0, and 75 and 300ms in 95/5% H,O/D,O; double
quantum-filtered correlation spectroscopy (COSY) (Rance
etal., 1983) and exclusive COSY (Griesinger et al., 1987) in
100% D,0O. Complex data matrices of 4096 x 600 points for
TOCSY, for NOESY, and 8192 x 600 points for DQF-COSY and
40, 48, and 96 scans per t1 increment in the indirect detected
dimension were used.

Structure calculations

Volumes of 529 cross-peaks were collected from 2-D NOESY
spectra recorded at 5°C with 300 ms and 75 ms mixing times;
at 20°C with a 250 ms mixing time and from 2-D NOESY
spectra recorded in 100% D,O at 27°C with a 250 ms mixing
time. All NMR spectra were processed using TopSpin 1.3
(Bruker) and analysed using SPARKY (T. D. Goddard and D. G.
Kneller, University of California, San Francisco). Scrutiny of
NOESY spectra provided no evidence of non-transient self-
association. Backbone ¢ angle restraints were derived from
3o coupling constraints (Pardi et al., 1984) measured from
the DQF-COSY spectrum (*Jinue > 8 Hz, 9 =-120 = 30° *Junto
<6 Hz, p=-60 = 30°). All other residues were restricted to a
negative ¢-value except for Gly? Gly®, and Gly’, which were
not restrained. The overall quality of the final structure was
validated with WHATIF (Vriend, 1990) and PROCHECK
(Morris et al., 1992). Eight x-angles were derived from *Jyq.1p
coupling constraints provided by the exclusive COSY spec-
trum in 100% D,O. Structures were generated using the
torsion angle dynamics program CYANA 2.1 (Herrmann et al.,
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Table 1

Amino acid sequence of p-conotoxins, origin and known targets to date

Name Sequence Clade/species Target References
Gastridium
u-GlIIA RDEETPP- -KK-[@KDRO@EKPQ-REEA* Conus geographus Nay1.4 Cruz et al. (1985)
u-GIlB RDEETPP- -RK-[@KDRREKPM-KEEA* C. geographus Nay1.4, Nay1.2, Nay1.3 Cruz et al. (1985); Lewis
et al. (2007)
u-GlIC RDEETPP- - KK-[@KDRREKPL-KEEA* C. geographus Nay1.4 Cruz et al. (1985)
u-TINA RHGEEKGP--KG-[§SSREERPQ - Hga* C. tulipa Nay1.4, Nay1.2 Lewis et al. (2007)
Chelyconus
u-PIlA ZRL@EGFP--KS-[@RSROEKPH-REE* C. purpurascens Nay1.4, Nay1.2, hNay1.7 Safo et al. (2000); Nielsen
et al. (2002)
Pionoconus
u-CnlllA GREEDVP--NA-ESGRWERDHAQEE* C. consors fTTX-R Zhang et al. (2006)
u-CnlliB QGEEGEP- -NL-@F TRWERNNARGEROQ C. consors fTTX-R Zhang et al. (2006)
u-CnlliC ZGEENGP - -KG-[§S SKWERDHARGE* C. consors Nay1.4, Nay1.2, o332 This work
nAChRs
u-CIlA GREEEGP--NG-ESSRWEKDHARGE® C. catus fTTX-R, fTTX-S Zhang et al. (2006)
u-MIlA QGEENV P~ -NG-[€SGRWERDHAQME* C. magus fTTX-R Zhang et al. (2006)
u-SINA QNN - - - -GG -[ESSKWERDHAREE* C. striatus Nay1.2, Nay1.4, fTTX-R Bulaj et al. (2005);
Schroeder et al. (2008)
u-SIB QNEEN - - - -GG -[@S SKWEKGHAREE* C. striatus Nay1.4, Nay1.2 Schroeder et al. (2008)
Textilia
u-BulllA VTDREE- -K-GKREEG-RWERDHSREE* C. bullatus Nay1.4 Holford et al. (2009)
u-BulliB VGEREE- -KNGKRGEG - RWERDHSREE* C. bullatus Nay1.4 Holford et al. (2009)
u-BulllC IVDREENKGNGKRGES - RWERDHSREE* C. bullatus Nay1.4 Holford et al. (2009)
u-SmillA QREENG- - -RRGES SRWERDHSREE* C. stercusmuscarum fTTX-R West et al. (2002)
Asprella
u-KHIA N - ESSKWERDHSREE* C. kinoshitai Nay1.2, Nay1.4, Nay1.1, Bulaj et al. (2005); Zhang
Nay1.6, Nay1.7, fTTX-R et al. (2007)

*Indicates C-terminal amidation. Sequence alignment was manually performed and cysteine residues are highlighted in blue.
All target channels are from rat except hNay1.7 (human), fTTX-R (frog) and mNay1.7 (mouse).

2002), and refined in explicit water solvent in the programme
Cristallography and NMR System (CNS) (Briinger et al., 1998)
using standard distance geometry and simulation annealing
scripts. Residue pyroGlu was added into the CNS and CYANA
topology libraries based on data available at http://xray.bmc.
uu.se/hicup/PCA/. Sequential H8i-Hai-1 NOEs indicated
unique frans conformation for the sole Pro residue. Pseudo-
distance restraints of 3.1 A for Cp-Sybonds and 2.1 A for S3-Sy
bonds were added for all three disulfide bonds Cys*-Cys'®,
Cys*-Cys?' and Cys'*-Cys?*, based on the sequence alignment
of pu-CnllIC to closely related u-conotoxins (Table 1) and the
proximity and geometry of Cys sidechains in an inititial set of
structure calculations using CYANAZ2.1 that did not incorpo-
rate disulfide restraints.

Data analysis

Responses are expressed as percentage of control, with data
presented as the mean = SEM, and unless otherwise noted,
statistical comparisons were made using either one-way

ANOVA, or a two-tailed unpaired t-test for non-paired
comparisons.

Other p-conopeptides used

u-TIIIA from Conus tulipa (Lewis et al., 2007), u-SIITA from
C. striatus (Schroeder et al., 2008), u-SmIIIA from C. stercus-
muscarum and p-PIIIA from C. purpurascens (Keizer et al.,
2003), and p-T3.1 from C. tulipa (Olivera et al., 2004) were
synthesized according to the cited references.

Results

Isolation, purification, characterization and
synthesis of a novel u-conopeptide

The dried dissected venom of C. consors was subjected to
reverse-phase HPLC and provided a complex chromatogram,
analyzed by absorbance at 214 nm (Figure 1). A fraction
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Figure 1

Isolation and characterization of u-CnlllC. (A) Reverse-phase HPLC chromatogram (monitored by absorbance at 214 nm) of the venom duct
extract from Conus consors. The peak eluting at ~28 min contained pu-CnllIC that was purified to homogeneity at an analytical scale and showed
a single monoisotopic molecular mass (inset). The peptide was then subjected to reduction and mass spectrometry analysis. (B) ESI-MS/MS
spectrum of the the m/z 596 undergoing collision-induced dissociation. The good fragmentation coverage allowed complete amino acid sequence

assignment with y and b ions.

eluting at approximately 28 min demonstrated a potent
blocking activity of muscle contraction in mouse hemidi-
aphragm neuromuscular preparations. The fraction was
further purified to homogeneity and displayed a single
monoisotopic molecular mass of 2374.10 Da. The compound
was unsuccessfully subjected to Edman degradation, indicat-
ing a probable blocked N-terminus. After disulfide bridge
reduction, the conopeptide was analysed by tandem mass
spectrometry (MS/MS). Selection and collision-induced disso-
ciation of the ion at m/z 596 ([M+4H+]/4) allowed complete
fragmentation of the peptide. Manual interpretation of the
data led to the assignment of a highly probable sequence
bearing 22 amino acids. The sequence shared homology with
previously isolated pu-conopeptides and, based on preliminary
pharmacological data, was named p-CnlIIC (Table 1). Synthe-
sis of the linear peptide was carried out by conventional Boc
chemistry and folding was performed using a reduced/
oxidized glutathione mixture. This led to a major folded
peptide (35% yield from the linear form) that was shown to
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be identical to the native material by HPLC co-elution experi-
ments and ESI-MS/MS data. The synthetic p-CnlIIIC was used
for all biological assays and structural investigations.

Effect of u-CnllIC on skeletal

muscle contraction

The activity of u-CnlIIC was first assessed on isolated mouse
hemidiaphragm muscles by recording isometric twitch
tension in response to direct electrical stimulation. For each
u-CnllIC concentration, muscle contraction recordings were
carried out 2 h after peptide application and in the presence
of 20 uM d-tubocurarine. Contraction was diminished in the
presence of 0.1 uM p-CnlIIC and was completely inhibited by
0.6 uM of the peptide (Supporting Information Figure S1).
By comparison, a concentration of at least 2uM of
u-conopeptide GIIIA or u-conopeptide GIIIB was necessary
for complete inhibition in the same preparation and under
identical conditions. pu-CnlIIC thus appeared at least three
times more potent than these two latter p-conopeptides
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Effects of different p-conotoxins on isometric twitch tension elicited by direct electrical stimulation of isolated mouse EDL muscles. (A) Effects of
u-conotoxins on skeletal muscle contraction. Contractions evoked by direct muscle stimulation and recorded in the absence and presence of
0.1 uM p-conotoxins. Scale bars: 0.2 g (vertical) and 0.1 s (horizontal). (B) Concentration-response curves of peptide effects on directly elicited
muscle contraction. For each pu-conopeptide concentration, the maximal twitch peak amplitude is expressed relative to its control value as the
mean * SEM of three to six experiments. The theoretical curves were calculated from typical sigmoidal nonlinear regression through data points
(correlation coefficient ? = 0.948). The p-conopeptide concentration that inhibited 50% of the twitch tension (ICs) is indicated for each peptide

studied.

tested in this in vitro model. The concentration-response
curve yielded a half-maximal inhibition concentration of
150 nM p-CnlIIC (Supporting Information Figure S1).

The effect of u-CnlIIC on twitch tension was also studied
on the mouse EDL muscle, and was compared with that of
other p-conopeptides (u-TIIIA, p-T3.1, u-PIIA, p-SmIIIA,
u-SIIIA) (Figure 2A). For this purpose, concentration-response
curves were generated in individual muscles (the contraction
measured in the presence of various concentrations of a given
u-conotoxin being expressed as percent of the control twitch
response). Each p-conopeptide concentration was applied by
perfusion and allowed to equilibrate for at least 45-60 min.
ICso values for each p-conopeptide (Figure 2B) showed the
following decreasing order of potency: u-CnllIC ~ u-TIIIA >
U-SIIIA > pu-SmIIIA > u-PIIHA > u-T3.1. Therefore, we concluded
that the inhibitory potential of p-CnllIC was equal to, or

greater than, that of the other p-conopeptides in this
preparation.

Effects of u-CnllIC on the GAP of mouse
sciatic and pike olfactory nerves

In addition to the well-established effect of pu-conopeptides
on skeletal muscle, we investigated the effect of u-CnlIIIC on
myelinated and unmyelinated nerves from mouse and pike,
respectively. Indeed, some p-conotoxins have previously
been shown to interact with neuronal sodium channels that
are present in such preparations (Table 1). Increasing concen-
trations of p-CnllIIC were found to decrease the GAP ampli-
tude, which was almost nil when the sciatic and olfactory
nerves were treated for 30-60 min with 50 and 10 uM of
conotoxin, respectively (Figure 3A-D). The stimulation inten-
sity necessary to reach 50% of maximum GAP amplitude was
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Effect of u-CnlllC on the GAP recorded on isolated mouse sciatic and pike olfactory nerves. (A-B) Traces of GAP recorded in response to 0.05 ms
(mouse) and 8 ms (pike) and 0.1-15 V stimulations, under control conditions and after treatment with u-CnllIC at the indicated concentrations.
(C-D) GAP amplitude in response to different intensities of 0.05 and 8 ms stimulations and to different concentrations of pu-CnlliC. (E-F) GAP
amplitude in the presence of various concentrations of p-CnlllC, and expressed relative to control values as mean + SEM of three to six mouse
sciatic and three to four pike olfactory nerves. The curves were calculated from typical sigmoidal nonlinear regression through data points (> =
0.984). The p-CnllIC concentrations required to block 50% of the GAP amplitude (ICso) was 1.53 uM (mouse) and 0.15 uM (pike).

enhanced with increasing concentrations of u-CnlIIC, while
the propagation velocity of the GAP was not markedly modi-
fied. Altogether, these results conclusively show that u-CnlIIIC
acts on mouse sciatic and pike olfactory nerves by decreasing
individual fibre responses.

The concentration-response curves of the effects of
u-CnllIC revealed that it reduced the GAP amplitude of
sciatic and olfactory nerves by 50% at concentrations of 1.53
and 0.15 uM, respectively (Figure 3E, F), demonstrating a
10-fold higher potency on pike unmyelinated axons com-
pared with mouse myelinated axons. Results also indicated
that u-CnlIlIC was about 1000 times more potent than clas-
sical anaesthetics such as lidocaine on the mouse sciatic
nerve, since millimolar concentrations of lidocaine were nec-
essary to obtain a similar inhibitory effect (data not shown).

The reversibility of the effect of p-CnllIIC was evaluated by
recording the GAP amplitude of sciatic and olfactory nerves
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at various times from 2 to 24 h, following wash-out of physi-
ological solutions with or without 1-50 uM p-CnlIIC. When
compared with controls, only a moderate increase in the GAP
amplitude of the nerves treated with u-CnlIlIC was observed
upon washing, even after 24 h. To test if the absence of
reversibility was not due to a spontaneous decrease of the
GAP amplitude over time, the nerves were bathed in
conotoxin-free fresh solution for 2-24 h. No significant
modification of the GAP amplitude was observed up to 24 h.
Overall, these results strongly suggested that p-CnllIC
was bound strongly to a receptor on the mouse sciatic and
pike olfactory nerves, and that the dissociation of the
conopeptide/receptor complex occurred slowly.

Effect of u-CnlIlIC on VGSCs
In order to identify the molecular target of pu-CnllIC, the
peptide was tested on rat skeletal muscle Nay1.4 channels,
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Effect of u-CnllIC on voltage-gated sodium channels. (A) Sodium currents at —20 mV recorded from HEK 293 cells expressing rat Nay1.4 channels,
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panel on the right shows currents in the presence of toxin scaled and superimposed on the control current, indicating a lack of kinetic changes.
(B) Nay1.4 peak current inhibition by u-CnlllC and wash-out with a conotoxin-free medium shown as a function of time. The continuous red curve
is a single exponential; filled circles indicate data points corresponding to traces shown in (A). (C) The remaining current after toxin equilibration
(left) as a function of u-CnllIC concentration and the inverse of the time constant characterizing the onset of block (right) as a function of pu-CnlllC
concentration. The number of experiments is indicated in parentheses. The continuous lines are global data fits assuming a first-order reaction
yielding an apparent ICso value of 1.3 += 0.4 nM and a negligible off-rate. Error bars indicate SEM. (D) Current traces as in A for the indicated
channel types before (black) and after application of u-CnlllIC at the indicated concentration (red). Traces for rat Nay1.8 channels were recorded

from Neuro-2A cells at 10 mV in the presence of 1 uM TTX.

which were heterologously expressed in HEK 293 cells.
Current responses at —20 mV were repeatedly recorded before
and during local toxin application. p-CnlIIIC (1 pM) blocked
Nayl.4 currents to leave 5.5 *+ 0.5% (n = 23) of the current
remaining; the remaining current exhibited the same kinetics
as the control current (Figure 4A). Current inhibition did not
reverse even after extensive washing with control saline
(Figure 4B). A prominent characteristic feature of p-CnllIC
was the slow onset of block (Figure 4B) at 1 uM, which fol-
lowed a single-exponential time constant of 238 = 22s (n =
23). The inverse of this time constant and the remaining

currents are shown for various p-CnllIC concentrations in
Figure 4C, indicating that the on-rate becomes prohibitively
slower at low toxin concentrations, which still would effi-
ciently block the channels. Assuming a monomolecular reac-
tion, we estimated an apparent ICs, value of 1.3 + 0.4 nM and
a non-blockable channel fraction of 5.0 £ 0.1% (data fit in
Figure 4C). u-CnlIIC at 1 uM also almost completely blocked
rat brain Nay1.2 channels without affecting the kinetics of
the remaining current (Figure 4D; remaining current: 9.9 *
1.2%, n = §5). The rate of onset of block, however, was eight
times slower than for Nay1.4 (1770 = 171 s, n =5). Similarly,
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u-CnllIC (500 nM) also blocked rat Nayl.4 channels
expressed in Xenopus oocytes and sodium currents recorded
from mouse neuroblastoma cells (data not shown).

In contrast, mouse cardiac Nayl.5 and TTX-resistant rat
Nay1.8 channels were practically resistant to u-CnllIC
(Figure 4D, remaining current in 10 uM u-CnlIIC: 78 = 5.7%,
n =4 and 88.9 = 1.3%, n = 6, respectively), while neuronal
mouse Nay1.6 and Nayl.7 channels were of intermediate sen-
sitivity (Figure 4D, remaining current in 10 uM p-CnllIIC:
15.5 £ 1.9%, n =6 and 16.1 * 4.1%, n = 6, respectively; the
respective onsets of block were 119 = 30 s and 1460 * 144 s).

u-CnllIC blocks neuronal nAChRs

In order to extend the pharmacological profile of u-CnlIIC, its
activity on voltage-gated potassium channels and nAChRs
was investigated. These targets were selected as they are
directly involved in signal transduction, as are VGSCs. Results
from voltage-gated potassium channel subtypes (rKy1.1,
rKy1.2, hKyl.3, 1Kyl.4, rKyl.5, rKy1.6, Shaker, hERG1),
expressed in Xenopus oocytes, demonstrated no activity of
u-CnllIC at concentrations up to 5 uM. Assays were also
carried out in humans o7, 04p2 and o3p2 nAChR subunits
expressed in Xenopus oocytes. Measurements were performed
at -100 mV and channels were activated by 200 uM ACh.
Application of several p-CnllIIC concentrations, ranging from
1 nM to 10 uM, resulted in a weak inhibition of nAChR o7
channels (ICso = 22 uM, ny = 0.8; n = 7) (Figure 5A1-B1),
whereas nAChR 042 channels were inhibited more strongly
(ICso = 29 uM, ny = 0.6; n = 17) (Figure SA2-B2). In both
cases, inhibition was completely reversible. Interestingly,
similar experiments performed on nAChR o332 showed a
strong inhibition in the high nanomolar range (ICs, =
450nM, ny = 1; n = 8) (Figure 5A3-B3), which was only
partially reversible.

3-D structure of u-CnllIC compared with
other u-conopeptides

The solution structure of u-CnllIC was characterized using
NMR spectroscopy and molecular modelling. One- and two-
dimensional "H NMR spectra recorded on p-CnllIC showed
good signal dispersion and indicated the presence of a single
homogenic conformer. Secondary Ho chemical shifts
(Wishart et al., 1991) and inter-residue NOE patterns were
used to examine the secondary structure of p-CnllIC in
solution.

A C-terminal a-helix is predicted in the third consensus
loop (Supporting Information Figure S2), between residues
13-18, a feature that is commonly found in the solution
structures of conotoxins from the M-5 branch of the
M-superfamily. An additional short o-helix is predicted
between residues 9-11, a feature also found in the solution
structure of u-PIIIA. The appearance of medium-range NOEs
observed over residues 4-9 and 19-22 suggested the presence
of B- or y-turns. A backbone superimposition of the 20 lowest
energy structures, for which no NOE violations greater than
0.3 A nor dihedral violations greater than 5° were observed,
revealed a well-defined NMR ensemble over the entire length
of the polypeptide, with the exception of N-terminal residues
Z1 and G2 (Figure 6A) and the N-terminal segment G6-K8.
The root mean square deviation (RMSD) calculated from the
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mean structure between C3 and C22 yielded 0.47 A for the
backbone-heavy atoms and 1.37 A for the side chains heavy
atoms. Furthermore, 90% of the ¢ and y torsion angle values
lie in the most favoured regions of the Ramachandran plot,
whereas no values are in the disallowed regions. The pre-
dicted C-terminal o-helix and the shorter o-helix preceding it
are observable in the lowest energy structure of the ensemble
(Figure 6B).

Structural homology with o-conotoxins

A striking similarity between the backbone trace of
o-conotoxins and p-conotoxins was revealed when the Ca
atomic coordinates of the second, third and fourth cysteines
of a-conotoxins were aligned with the third, fourth and sixth
cysteines of p-conotoxins respectively. It appears that the
second disulfide bridge of a-conotoxins fulfills the same
structural role as the second disulfide bridge of p-conotoxins.
However, while the Co atomic coordinates of the third
cysteine in o-conotoxins and the fourth cysteine in
u-conotoxins overlap, their disulfide-forming cysteine part-
ners are not at equivalent positions. Of all a-conotoxin struc-
tures available to date, a-AulB provides the closest match to
u-CnlIIC (RMSD 0.98 A), followed by o-Vcl.1 (RMSD 1.21 A)
and o-PnIA (RMSD 1.33 A) (Figure 7). The first o-conotoxin
belongs to the 4/6 subclass, in which the second inter-
cysteine loop contains six amino acids, while the last two
o-conotoxins belong to the 4/7 subclass where seven amino
acids are present in the equivalent loop. The structure of the
C-terminal region of this shorter loop in o-AulB, but not that
of a-PnlA nor o-Vcl.1, closely resembles that of the
C-terminal loop in p-CnlIIC.

Discussion and conclusions

Venom conopeptide sequences are usually derived from
Edman sequencing and from DNA information, or a combi-
nation thereof. In this study, the fully validated p-CnllIC
sequence was solely based on tandem mass spectrometry and
de novo sequencing, supporting such approaches as a conve-
nient route for natural peptide discovery (Quinton efal.,
2006; Menin et al., 2008; Ueberheide et al., 2009). Along with
minimal material use, this approach also added valuable
information regarding post-translational modifications often
found in cone snail venoms (Buczek et al., 2005).

While sharing between 50 and 90% sequence homology
with other well-known p-conotoxins, p-CnllIC displays an
original pharmacological profile compared with previously
described conotoxins in this family. p-CnlIlIC was found to
strongly inhibit mouse muscle contraction, and was among
the most potent of u-conotoxins in this in vitro model. In
addition, u-CnlIIC demonstrated a 10-fold higher potency on
pike unmyelinated axons compared with mouse myelinated
axons. This difference in potency may be due to the distinct
VGSC subtypes present in such axons (Nayl.2 in the pike
olfactory nerve and Nayl.6 in the nodes of Ranvier of the
mouse sciatic nerve) (Caldwell et al., 2000).

At the molecular level, these potencies are further
reflected by the low apparent ICs, (1.3 nM) towards the rat
muscle Nay1.4 channels. The complete block of the neuronal
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Figure 5

Effect of u-CnllIC on nAChRs expressed in Xenopus oocytes. (A1-A3) presents the inhibition of acetylcholine-induced currents on human o7 (A1),
04p2 (A2) and 03p2 (A3) nAChRs. All recordings were carried out at —100 mV and the first three traces are controls followed by concentration-
dependent response to 2 min exposure to different concentrations of u-CnlliC, ranging from 1 nM to 10 uM. Each experiment was terminated
by wash-out steps for a time period of 8 min. Complete wash-out was observed for 0.7 and 04p2, while only partial recovery occurred for a3p2.
(B1-3) Inhibition curves of the fitted data. ICso, Hill coefficient (ny) and experimental numbers are presented under the fitted curve for a7 (B1),

0432 (B2) and a3B2 (B3). Error bars indicate SEM.

Nayl.2 channels at 1uM was another original feature,
whereas the cardiac Nay1.5 and DRG-specific Nay1.8 channels
remained unaffected at this concentration. TTX-sensitive
VGSCs expressed in the peripheral nervous system, mouse
Nayl.6 and Nayl.7, displayed intermediate sensitivity. The

extremely long-lasting activity supported by the virtually irre-
versible effect on VGSCs was another essential characteristic
of p-CnllIC. This particular pharmacological profile and
unprecedented long-lasting mode of action opens opportuni-
ties for new biomedical applications by acting atypically and
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Figure 6

Structure of p-CnllIC. (A) Backbone superimposition over residues
3-22 for the 20 lowest energy structures (ribbon). (B) Lowest energy
structure with the disulfide bridge shown in yellow. (C) Backbone
superimposition of N-terminal region (residues 3-11) of p-CnlllC
(blue) with N-terminal region (residues 4-12) of p-TIIA (red); Pro’
and Hyp?® of u-CnllIC and p-TIIIA respectively are highlighted (sticks).
(D) Backbone superimposition of C-terminal region (residues 12-22)
of u-CnllIC (blue) with C-terminal region (residues 10-20) of p-SIlIIA
(orange); Lys™ and Lys'' of u-CnlliC and p-SIIA respectively are
highlighted (sticks). Structural data were used from biological mag-
netic resonance bank (BMRB) accession codes 20024 (TIlIA) and
20025 (SIA). u-CnllIC structural data can be accessed with protein
databank (PDB) code 2YEN and BMRB accession code 17581.

almost irreversibly on the skeletal muscle VGSCs, as well as
on unmyelinated and myelinated nerve fibres.

Unexpectedly, u-CnllIC also demonstrated some inhibi-
tory activity at particular neuronal nAChR subtypes. The
highest potency measured for nAChR inhibition in response
to acetylcholine was in the ICs, range of ~450 nM for a3p32
nicotinic receptors, which is relatively modest in comparison
with a-conotoxin MII (Cartier et al., 1996) or a-conotoxin
AnIB (Loughnan et al., 2004), which exhibit ICs, values of 0.5
and 0.3 nM respectively. In addition, the effective concentra-
tion for blocking nAChRs was more than two orders of mag-
nitude greater than for Nay1.4 channels. This unexpected
result led us to investigate the structural features of u-CnllIC
in more detail, in particular, the similarities with nAChR-
specific conopeptides.

The weak activity of p-CnllIC on nAChRs is reminiscent
of the y-conotoxins, which share the same cysteine pattern
and which are non-competitive inhibitors of mouse skeletal
muscle and Torpedo electric organ nAChRs (Shon et al., 1997;
Lluisma et al., 2008). The structure of y-PIIIE was shown to
correlate well with typical p-conotoxins, such as p-GIIIA or
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Figure 7

Structure comparison of p-CnlllC with o-conotoxins. (A-C) Back-
bone superimposition over Co. atoms of pu-CnllIC (blue) with o-AulB
(grey), a-PnlA (magenta) and o-Vc1.1 (green). Disulfide bonds are
shown in yellow for p-CnlllIC and orange for the a-conotoxins.
Protein databank (PDB) codes are 1DG2 (AulB), 1PEN (PnlA) and
2H8S (Vcl.1).

u-GIIIB (Mitchell et al., 1998), and it was suggested that the
disulfide bond pattern was sufficient for keeping a CSo
(Cysteine-Stabilized alpha-helical) motif, regardless of the
inter-cysteine amino acid sequence. However, it should be
noted that p-CnllIC does not show any primary sequence
overlap with y-PIIIE or y-PrIlIE and does not inhibit the
muscle-type nAChRs, as nAChR sensitivity was not altered at
the mouse hemidiaphragm neuromuscular junction, at least
up to 600 nM.

A comparison of the 3-D backbone trace of u-CnllIC with
that of other p-conotoxins revealed common features that
may provide clues as to their common modes of action. The
most obvious conserved feature is the positioning of the three
disulfide bridges. A recent study on u-KIIA demonstrated
that the removal of the disulfide bridge Cys'-Cys’ (equivalent
to Cys*-Cys" in p-CnllIC) did not significantly alter the bio-
logical activity of p-KIIIA on its target VGSC, while the
reverse was true for the removal of any of the other disulfide
bridges (Han et al., 2009). Another common feature is the
position of a basic residue (Lys" in u-CnllIC) at the base of
the well-conserved C-terminal o-helix in the penultimate
intercysteine loop between the third and fourth cysteine
(Figure 6D). This basic residue has been demonstrated to be
critical to the activity of several u-conotoxins (Sato etal.,
1991; Keizer etal., 2003; Lewis etal.,, 2007; Zhang etal.,
2007), and has been suggested to have a pore-blocking role in



the interaction of p-conotoxins with the affected VGSC. As
well as having the highest sequence identity with u-CnlIlIC
(Table 1), u-SIIIA is also the closest structural homolog to
u-CnllIC over the entire Co backbone (RMSD 1.14 A) and
over the C-terminal half (Lys" to Cys*) of the Ca backbone
(RMSD 0.63 A) (Figure 6C). A study on the dynamic proper-
ties of u-SIIA highlighted the rigidity of the C-terminal
region (including at the putatively critical lysine), but also
revealed flexibility on subnanosecond time scale for the
N-terminal residues (pyroGlu' and Asn?), as well as for Ser’,
immediately following the third cysteine (Yao et al., 2008).
While these observations cannot be directly extrapolated to
u-CnlIIC based on structural homology alone, the low level of
convergence of the structural ensemble of p-CnllIIC over the
same regions is consistent with the dynamics analysis of
u-SIIA (except over residues 7-8 in p-CnllIC, which are
absent in p-SIIIA). In a comparison of the selectivity profiles
of the closest structural homologues to p-SIITA (i.e. u-KIIIA
and p-SmlIIA), the same study suggested that the C-terminal
region of these p-conotoxins plays a critical role in blocking
neuronal subtypes of VGSCs. Excluding the unstructured two
N-terminal residues, the p-conotoxin TIIIA is the closest
structural homolog (RMSD 0.78 A) to u-CnllIIC over the Co.
backbone of N-terminal residues — Gly® to Lys’ — (Figure 6C).
Neither p-CnlIIC, u-TIIIA nor u-PIIIA show evidence of con-
formational exchange over this loop region and prolines or
hydroxyprolines for all three p-conotoxins are in the trans
configuration. The positioning of a highly conserved hydrox-
yproline or proline (Pro” in u-CnlIlIIC) in the first Cys loop
(between the second and third cysteine) is conserved between
u-CnllIC, p-TIIIA and p-PIIIA, and could be critical in con-
straining the loop orientation for this region. However, the
substitution of Hyp’ to Pro in p-GIIIA did not significantly
alter the folding properties nor the activity of this conopep-
tide towards Nayl.4 channels, while a Hyp' to Pro sub-
stitution in the C-terminal helix reduced activity 10-fold
(Lopez-Vera et al., 2008).

Based on its functional similarity with some neuronal
o-conotoxins, it is tempting to speculate that the CSa region
and the adjacent residues of u-CnlIIIC support the interaction
site with nAChRs. On the one hand, the recent work of
Schroeder et al., (2008) with p-SIIIA demonstrated that criti-
cal residues for the interaction with Nay1.2 and Nay1.4 chan-
nels were located in a similar o-helical region, spanning from
residues 11-16. On the other, the interaction site for
o-conotoxins is provided by this unique structural platform
constrained by the two disulfide bridges. Recently, an original
o-conotoxin isolated from C. litteratus was found to lack
some of the residues previously considered essential for the
interaction with the o3B2 nicotinic receptors (Luo etal.,
2010). This revealed a potential new interaction microsite
between the toxin and its receptor. These results point to the
potential diversity in residues supported by the a-conotoxin
framework for its activity, which could also be exhibited by a
similar region of pu-CnlIIIC. More data are needed to support
this hypothesis, but the present results undoubtedly provide
a rationale for mutational studies and chimers between the o-
and p-conotoxin structures and provide new insights into
their interaction with nAChRs and VGSCs. This might also be
an important aspect when considering the molecular target
underlying some pharmacological activity such as the anal-
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gesic activity observed for p-KIIIA that acts primarily on
Nay1.2 channels (Khoo et al., 2009). Interestingly, prelimi-
nary data indicated that the ability of u-CnlIIC to block
nAChRs is not unique, but also shared by several other
u-conopeptide members.

The fact that a conotoxin targets multiple pharmacologi-
cally distinct ion channels- or ligand-gated receptors remains
atypical. However, in vivo pharmacological studies of a com-
pound often show unexpected cross-interactions with differ-
ent targets and this aspect should not be ignored. For
instance, the N/P/Q-type Ca* channel blocker, ®-conotoxin
MVIIC, inhibited rat o34 nAChR currents with an ICs, of
1.3 uM; the blockade was non-competitive and reversible.
The w-conotoxin GVIA (N-type Ca®** channel blocker) at
1 uM, inhibited by 24 and 20% o334 and o7 nAChR currents,
respectively (Herrero et al., 1999). The p-O-conotoxins have
been reported to target molluscan VGSCs and calcium chan-
nels (Fainzilber et al., 1995) and more recently a conopeptide
from C. planorbis, pl14a, was shown to inhibit both voltage-
gated (K,1.6) and ligand-gated (muscle and o384 nAChRs)
ion channels (Imperial ef al., 2006). Also, B/m-theraphotoxin-
Tp2a (ProTxII) from spider venom inhibits particular sodium
and calcium channels (Sokolov et al., 2008; Edgerton et al.,
2010) and the t/x-theraphotoxin-Pcla (Vanillotoxin-1) acti-
vates mammalian TRPV1 and inhibits Ky2.1 potassium chan-
nels (Siemens et al., 2006). More recently, o-Vc1.1 and o-AulB
were shown to target 09010 and o34 nAChRs respectively,
as well as both inhibiting calcium channels through a GABA;
receptor pathway (Sandall et al., 2003; Klimis et al., 2011),
thus demonstrating the vast complexity of pharmacological
interactions deriving from some conotoxins. Given the struc-
tural similarity between o-AulB and p-CnllIC presented in
this work, one can also hypothesize an inhibition of N-type
calcium channels mediated by GABA; receptors in dorsal root
ganglion neurons by p-CnlIIC.

These multiple activities combined in a single entity may
also give some hints about common interaction sites between
distantly related ion channels or receptors. Due to their par-
ticular shape and mode of action, such gating modifiers offer
unprecedented tools to evaluate common structural and
functional features across various ion channel families.

In conclusion, p-CnllIIC exhibits a new pharmacological
profile distinct from previously reported p-conopeptides.
Characteristic features include its interaction with some
nAChRs subtypes and its ability to potently block VGSCs in
skeletal muscle and in myelinated and unmyelinated nerves
through a long-lasting action. Such properties may offer
promising perspectives for its local use as a myorelaxing drug
candidate.
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online version of this article:
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Figure S1 Effect of pu-CnllIC on directly elicited isometric
twitch tension on mouse hemidiaphragms. (A) Representa-
tive twitch tension recordings obtained before and after
treatment with 0.1 and 0.6 uM p-CnllIIC. (B) Concentration—
response curve for u-CnllIC generated in different muscles,
and expressed relative to its control value. Points are mean
values = SEM obtained for each studied concentration of the
conopeptide, with n = 3-6. When error bars are not apparent,
this means that they are within the size of the symbols. The
u-CnlIIC concentration that inhibited 50% twitch tension
was 150 nM.

Figure S2 Secondary structural indicators for u-CnllIIC. (A)
Short- and medium-range NOE patterns observed in the
NOESY spectra. Consensus a-helices (red cylinder) and loops
(straight line) shown above amino acid sequence. (B) Second-
ary Ho shifts calculated per residue using BMRB random shift
values.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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